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ABSTRACT

Pressure-pulse lests have been performed in bedded evaporites of the Salado Formation at the Waste
Isolation Pilot Plant (WIPP) site to evaluate the hydraulic properties controlling brine flow through the
Salado. Hydraulic conductivities ranging from about 10-14 to 10-11 m/s (permeabilities of about 10-21 to
10-18 m2) have been interpreted from nine tests conducted on five stratigraphic intervals within eleven
meters of the WIPP underground excavations. Tests of a pure halite layer showed no measurable
permeability. Pore pressures in the stratigraphic intervals range from about 0.5 to 9.3 MPa. An anhydrite
interbed (Marker Bed 139) appears to be one or more orders of magnitude more permeable than the
surrounding halite. Hydraulic conductivities appear to increase, and pore pressures decrease, with
increasing proximity to the excavations. These effects are particularly evident within two to three meters of
the excavations. Two tests indicated the presence of apparent zero-flow boundaries about two to three
meters from the boreholes. The other tests revealed no apparent boundaries within the radii of influence
of the tests, which were calculated to range from about four to thirty-five meters from the test holes. The
data are insufficient to determine it brine flow through evaporites results from Darcy-like flow driven by
pressure gradients within naturally interconnected porosity or from shear deformation around excavations
connecting previously isolated pores, thereby providing pathways for fluids at or near lithostatic pressure
to be driven towards the low-pressure excavations. Future testing will be performed at greater distances
from the excavations to evaluate hydraulic properties and processes beyond the range of excavation
eftects.
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1. INTRODUCTION

This report presents preliminary interpretations of hy-
draulic tests conducted in bedded evaporites of the
Salado Formation from 1988 through early 1990 atthe
Waste Isolation Pilot Plant (WIPP) site in southeastern
New Mexico (Figure 1-1). The WIPP is a U.S. Depart-
ment of Energy research and development facility
designed to demonstrate safe disposal of transuranic
wastes resulting from the nation's defense programs.
The WIPP disposal horizon is located in the lower
portion ofthe Permian Salado Formation. The hydrau-
lic tests discussed in this report were performed in the
WIPP underground facility by INTERA Inc., Austin,
Texas, underthetechnical direction of Sandia National
Laboratories, Albuquerque, New Mexico.

New Mexico

WIPP
SITE

0 5 10 15 mi
— - —

|
0 10 20 km

TR#-6330-3-2

Figure 1-1. Location of the WIPP Site.

Hydraulic testing is being performed in the Salado
Formation to provide quantitative estimates of the
hydraulic properties controlling brine fiow through the
Salado Formation. The specific objectives of the tests
are:

» Todetermine permeabilities of different stratigraphic
intervals inthe Salado Formation around the WIPP
facility;

= To determine formation pore pressures within dif-
ferent stratigraphic intervals in the Salado Forma-
tion around the facility;

» To determine whether or not hydraulic boundaries
are encountered within the Salado on the scale of
testing;

» To define the distance(s) to which the presence of
the WIPP facility has affected hydraulic properties
and/or formation pore pressures inthe surrounding
rock; and

+ To provide data which may allow discrimination
between different conceptual models that attempt
to explainflow through evaporites, such as a Darcy-
flow model in which flow is driven by pore-pressure
gradients, and a stress- or creep-driven flow model
in which brine is squeezed out of the formation by
plastic deformation of the rock.

From 1976 to 1985, a number of hydraulic tests of the
Salado Formation were performed in boreholes drilled
from the surface. Drillstem tests (DSTs), air-injection
tests, and/or pressure-pulse tests were performed in
boreholes ERDA-9, ERDA-10, AEC-7, AEC-8, Cabin
Baby-1, DOE-2, and WIPP-12, but none provided data
that could be interpreted to yield reliable estimates of
formation permeability and/or pore pressure (Appen-
dix A). In 1986, permeability tests of portions of the
Salado were performed in several holes drilled from
within the WIPP underground facility using both air and
brine as test fluids. Peterson et al. (1987) interpreted



hydraulic conductivities ranging from 7 x 1075 to 3 x
102 mv/s from these tests. In 1987, permeability
testing was performed at two depths in the Salado in
holes drilled from within the waste-handling shaft at the
WIPP site (Stensrud et al., 1988). Interpretation of the
data from these tests indicated hydraulic conductivi-
ties ranging from2 x 10'*to 1 x10"* m/s (Saulnier and
Avis, 1988). Following these experiences, testing in
holes drilled from within the WIPP underground facility
was considered to have a greater likelihood of success
than continued attempts at surface-based testing,
leading to the development of the testing program
discussed in this report.

The hydraulic testing reported herein consists of
pressure-pulse tests offive stratigraphicintervals within
eleven meters of the WIPP excavations. The
stratigraphic intervals tested include halite {both pure
and impure), anhydrite, and clay. From September
1988 through February 1990, nine sets of pulse tests
were completed in five different boreholes. Testing of
a sixth stratigraphic interval consisting entirely of
relatively pure halite was attemptedinanotherborehole,
but no interpretable response was observed. Testing
of a seventh stratigraphic interval was begun, but had
to be terminated prematurely because of conflicts with
other activities in that part of the WIPP underground
facility.

Unlike porous media such as sandstones, halite exhibits
creep behavior that may complicate the interpretation
of hydraulictests. Creep causes borehole dimensions
to change during tests and may also cause time-
dependent changes in the permeability and specific
storage of the region undergoingcreep. Compensating

for these changes is complicated by the dependence
of creep rates around a borehole on the fluid pressure
in the borehole. In addition, because halite and other
evaporites tend to have extremely low permeabilities,
temperature changes and equipment-related factors
that have negligible effects on tests in higher
permeability media may significantly affect observed
fluid-pressure responses in evaporites. Thus, the
effects of temperature changes, pressure-dependent
test-tool-volume changes (compliance), and movement
of thetesttoolduringtesting also needto be incorporated
into the test interpretation.

Other factors specific to the tests of the Salado
Formation, which bear on test interpretation, are
borehole orientation (in some cases the holes were not
drilled perpendicular to bedding), possible partial-
penetration effects (test intervals may not have been
fully confined), the effect of trapped gas within test
intervals on test-zone compressibility, and possible
two-phase flow caused by gas having exsolved from
the Salado brine in the relatively depressurized near-
borehole region of the surrounding rock.

The interpretations presented in this report are termed
“preliminary” because they do not fully incorporate all
of the complexities discussed above. In particular,
formation creep, partial-penetration effects, pressure-
dependent test-zone compressibility resulting fromthe
presence of gas, and two-phase fiow are not
quantitatively addressed in this report. Additional
experimentation, study, and model development will
be required before many of these complexities canbe

incorporated into the test intemretations.



2. GEOLOGIC SETTING AND LOCAL STRATIGRAPHY

The WIPP site is located in the northern parnt of the
Delaware Basin in southeastern New Mexico. WIPP-
site geologic investigations have concentrated on the
upper seven formations typically found in that part of
the Delaware Basin. These are, in ascending order,
the Bell Canyon Formation, the Castile Formation, the
Salado Formation, the Rustler Formation, the Dewey
Lake Red Beds, the Dockum Group, and the Gatufa
Formation (Figure 2-1). All of these formations are of
Permian age, except for the Dockum Group, which is
of Triassic age, and the Gatufia, which is a Quatemary
deposit.

The WIPP underground facility lies in the lower part of
the Salado Formation at an approximate depth of
655 m below ground surface. The Salado Formation
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RECENT
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TAI-&132-69-0

Figure 2-1. WIPP Site Stratigraphic Column.

is approximately 600 m thick at the WIPP site and is
composed largely of halite with minor amounts of
interspersed clay and polyhalite. The Salado also
contains interbeds of anhydrite, polyhalite, clay, and
siltstone. Many of these interbeds are traceable over
most of the Delaware Basin. Jones et al. (1960)
designated 45 of the anhydrite and/or polyhalite
interbeds as “Marker Beds”, and numbered these
“Marker Beds”, from 100to 144, increasing downward.
The WIPP facility horizon (the stratigraphic location of
the underground excavations from which the bore-
holes for the brine-permeability program were drilled)
lies between Marker Beds 138 and 139.

A typical stratigraphic section of the Salado Formation
inthe vicinity of the WIPP undergroundfacility, adapted
from Westinghouse (1989), is shown in Figure 2-2.
Westinghouse (1989) presents a detailed description
of stratigraphic units that correlate throughout most of
the underground facility (Appendix B). The description
covers a 37.5-m interval of the Salado, centered
approximately at the stratigraphic midpoint of the ex-
cavations. This description delineates 16 “map units,”
numbered 0 to 15, and 20 unnumbered units. The
majority of the map units are composed primarily of
halite, and are differentiated principally on the basis of
differing clay and polyhalite contents. The remainder
of the map units are anhydrite interbeds such as
Marker Beds 138 and 139. Thinner anhydrite inter-
beds and anumber of the more continuous clay seams
have also been given letter designations to facilitate
consistent referencing. These units are shown on
Figure 2-2. The stratigraphic positions of the WIPP
excavations with respect to the designated map units
are shown in Figure 2-3. The testing and guard-zone
monitoring discussed in this report were carried out in
map unit 9 and in all of the strata from map unit 6 to the
halite underlying anhydrite “c.”
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The stratigraphic units described by Westinghouse
(1989) are not encountered by all boreholes, however.
As shown in detailed geologic maps of drift and room
ribs (walls) throughout the underground facility (e.g.,
Westinghouse, 1989, 1990), the halitic map units are
locally crosscut by syndepositional dissolution pits
(Powers and Hassinger, 1985). These pits range in
depth and width from a few centimeters to afew meters
and may completely crosscutone or several map units
at any given location. The pits are typically filled by
relatively pure, coarsely crystalline halite.

As mentioned above, the halitic map units designated
by Westinghouse (1989) were defined on the basis of

relatively consistent differences in clay content and/or
color and polyhalite content that are apparent in mac-
roscopic examination, ratherthan on sedimentological
differences. The local absence of map units can be
attributed to depositional processes. Holt and Powers
(1990) present a detailed discussion of the sedimen-
tology of the Salado Formation. They provide descrip-
tions of lithofacies commonly found within the Salado
and discuss syndepositional alteration processes.
Salado textures and lithofacies distributions are highly
variable both laterally (at a local scale) and vertically,
as they are the producits of repeated episodes of
dissolution and alteration over a large areal scale.



3. TESTING EQUIPMENT

The following sections briefly describe the equipment
used in the permeability-testing program in the WIPP
underground facility. The equipment includes
multipacker test tools, data-acquisition systems, in-
struments to measure borehole deformation, pressure
transducers, and thermocouples. More detailed de-
scriptions of the testing equipment and the procedures
and methods used to calibrate the equipment are
presented in Saulnier et al. (1991).

NOTE: The use of brand names in this report is
for identification only, and does not imply
endorsement of specific products by Sandia
National Laboratories.

3.1 Multipacker Test Tool

The first two sets of tests performed under this pro-
gram, in borehole C2H01, employed the multipacker
test tool used for permeability tests in the waste-
handling shaft as described in Stensrud et al. (1988)
and Saulnier and Avis (1988). This tool (Figure 3-1) is
in principle very similar to the multipacker test tool
designed specifically for the underground permeabil-
ity-testing program, but lacks borehole-deformation
measuring devices. All other permeability tests were
conducted using the multipacker test tool described
below.

The multipacker test tool designed for this testing
program, shown on Figures 3-2 and 3-3, has two
sliding-end, 9.5-cm outside diameter (O.D.) inflatable
packers mounted on a 4.83-cm O.D. mandrel and
oriented with the packers’ fixed ends toward the bot-
tom-hole end of the test tool. The packers have 0.92-
m long inflatable elastic elements composed of natural
rubber and synthetic materials. The packer elements
have approximately 0.81-m seal lengths when inflated
in 10.2-cm diameter boreholes. The tool is anchored
to the wall or floor of the underground facility during

testing by bolting a mandrel clamp to the flange of a
0.51-m long borehole collar grouted into the top of the
hole. For sometests, thetesttool s also secured using
across made of 1-miengths of 5.08-cm square tubular
steel, which is clamped onto the mandrel or its exten-
sion and anchored to the fioor or wall using 61-cm long
rock bolts.

Each multipacker test tool is equipped with three sets
of ports to the bottom-hole test zone and the guard
zone betweenthe packers. One set of portsis used to
transmit fluid pressures fromthe test and guard zones
to the transducers, which are mounted outside of the
boreholes. A second set of ports is used to dissipate
“squeeze” pressures created during packer inflation
and to vent fluid from the isolated intervals to initiate
pulse-withdrawal tests. These two sets of ports are
accessed by continuous lengths of 0.48-cm (3/16-
inch) O.D. stainless-steeltubing. The third set of ports
provides access for 0.32-cm (1/8-inch) diameter Type
E thermocouples to measure temperatures in the test
and guard zones. Packer-inflation pressures are
monitored with transducers attached to the packer-
inflation lines.

The test-interval section of each test tool is equipped
with linear variable-differential transformers (LVDTs)
to measure borehole deformation and test-tool move-
ment during the testing period. Three radially oriented
LVDTs are located below the test-interval packer, and
one axially oriented LVDT is mounted at the bottom
end of the multipacker test tool (Figure 3-3) to measure
tool movement relative to the bottom of the hole during
testing.

3.2 Data-Acquisition System
A computer-controlled data-acquisition system
(DAS) monitors the progress of each test and records
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fluid—pressure, fluid-temperature, and borehole-
deformation data (Figure 3-4). Each DAS consists of
an IBM PS/2 Model 50 desktop computer for system
control and data storage, and a Hewlett Packard (HP)
3497 A Data-Acquisition/Control Unit containing power
supplies to excite the transducers, thermocouples,
and LVDTs, a signal scanner to switch and read
channels, and a 5-1/2 digit voltmeter to measure the
output from the transducers, thermocouples, and
LVDTs. The data-acquisition software allows sam-
pling of the sensors’ outputs at user-specified time
intervals ranging from 15 seconds to 24 hours. Asthe
data are acquired, they are stored both on the
computer’s hard disk and on either 3.5-inch or 5.25-
inch diskettes. Real-time listing of the data on an
auxiliary printer and screen and/or printer plots of the
accumulated data are also possible.

3.3 Pressure Transducers

Fluid pressures in the test and guard zones and in the
packers are monitored with Druck PDCR-830 strain-
gage pressure transducers rated to monitor pressures
from 0 to 14 MPa. The manufacturer’s stated accu-
racy of the transducers is = 0.1% of full scale, or
+0.014 MPa. Transducers are calibrated before and
after each installation of a multipacker test tool accord-
ing to procedures described in Saulnier et al. (1991).
The transducers are mounted outside the boreholes
and are connected to the isolated zones and the
packers through 0.48-cm (3/16 inch) O.D. stainless-
steel tubing, which passes into and throughthe packer
mandrels (Figure 3-2). Calibration data for the trans-
ducers used during the permeability testing discussed
in this report are tabulated in Saulnier et al. (1991).

3.4 Thermocouples

Pickens et al. (1987) have shown that the thermal
expansion or contraction of fluid in an isolated test
zone in a borehole can have a significant effect onthe
measured fluid-pressure response during testing in
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low-permeability media. Therefore, Type E Chromel-
Constantan thermocouples are used to monitor tem-
peratures within the test and guard zones during the
permeability tests, and these data are incorporated in
test interpretation. The thermocouples used are
0.32 cm (1/8 inch) indiameter, are sheathed in Inconel
600, and are manufactured by ARI Industries. The
thermocouples are reported to be accurate to within
+0.006 °C. The thermocouples are calibrated by
Sandia National Laboratories, and the calibration data
are stored at the WIPP-site Sandia office.

3.5 Linear Variable-Differential
Transformers

Open boreholes, rooms, and drifts in the underground
facility exhibit closure, deformation, and differential
movementbetween halite and anhydrite beds (Bechtel,
1986). Measureable borehole closure (onthe order of
a few tenths-of-a-millimeter change in borehole diam-
eter) in a shut-in, fluid-filled test interval could raise the
fiuid pressure to higher levels thanwould occur without
this closure. Axial movement of the multipacker test
tool can be caused by packer inflation, fluid-pressure
buildup orwithdrawaliinthe isolatedintervals, and hole
elongation resulting from creep closure of the excava-
tions. (The rate of rock creep decreases with increas-
ing distance froman excavation (Westinghouse, 1990),
causing boreholes drilled from an excavation to elon-
gate.) Axial movement of the test tool can change the
test-zone volume, which, in low-permeability media,
can affect the observed fluid-pressure response in an
isolated borehole interval. Three Trans-Tek Model
241LVDTs areradially mounted, with 120° separation,
on the test-interval part of the multipacker test tool to
measure radialborehole deformation (Figures 3-2 and
3-3). These LVDTs can each measure a range of
motionof 0.5cm. An axially mounted Trans-Tek Model
245 LVDT on the bottom of the test tool measures tool
movement along the borehole axis (Figures 3-2 and
3-3). This LVDT has a range of motionof 10 cm. The
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LVDT responses are reported by Trans-Tek to be
linear within + 0.5% over their working ranges. Jensen
(1990) discusses in detail the design, calibration, and
use of the LVDTs.

3.6 Compliance-Testing Equipment

Pickens et al. (1987) have shown that test-tool move-
ment in response to packer inflation and fluid injection
or withdrawal can affect fluid-pressure responses in
isolated intervals in boreholes in low-permeability
media. Figure 3-5 illustrates how packer movement
due to packer inflation can cause the packer element
to displace fluid in isolated intervals, causing changes
in fluid pressure. Changes in the shape, volume, or
position of the test tool that affect fluid-pressure re-
sponses during testing are referred to as compliance.
To evaluate the magnitude of compliance for the
multipacker test tool, preinstallation compliance tests
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were conducted in the underground facility on all test
tools according to procedures outlined in Section 4.1.
Compliance tests were conducted in sealed and pres-
sure-tested sections of 11.43-cm (4.5 inch) O.D. steel
or stainless-steel casing to differentiate test-tool-re-
lated phenomena from fluid-pressure responses ob-
served in drilled boreholes. The casing was intended
to simulate a borehole with effectively zero permeabil-
ity. Early compliance tests were conducted inthe test
rooms with the compliance chamber mounted on a
jackstand from August 1988 through June 1989. Be-
cause the magnitude of diurnal temperature changes
monitored during early compliance tests in the steel
casing appeared to cause thermally induced fluid-
pressure responses, a stainless-steel chamber for
subsequent compliance tests wasplaced inaborehole
drilled into the Salado Formation from the under-
ground facility as shown on Figure 3-6.
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4. TESTING PROCEDURES

The multipacker test tools are used to conduct perme-
ability tests in boreholes drilled from the underground
excavations. In low-permeability formations such as
the Salado, changes in the volume or temperature of
the test-zone fluid and/or the test tool can materially
affectobservedfluid-pressure responses, as described
in Pickens et al. (1987). In addition, changes in fluid-
pressure conditions inisolated sections of boreholesin
low-permeability media can cause physicalmovement
of the test tool. Changes in fluid-pressure conditions
can occur in response to temperature changes affect-
ing the test-zone and/or packer-infiation fluids. Fluid
pressures in test intervals may also be affected by
changes in packer-inflation pressures, and vice versa,
as when a pulse injection in a test zone increases the
forces acting against the outside of the test-zone
packer, causing the packer-inflation pressure to in-
crease.

Changes in the volume and pressure of the test-zone
fluid that are not due to the formation’s hydraulic
response but instead to changes in the position of the
test tool or deformation of the test tool or borehole are
included under the term “compliance.” Pickens et al.
(1987) showed that compliance-related fluid-pressure
changes during permeability tests of formations with
hydraulic conductivities less than 10'2 m/s can ob-
scure and/or dominate actual formation-related fluid-
pressure changes and result in incorrect estimates of
the formation’s hydraulic properties. Test-tool-related
compliance canbe empirically estimated by subjecting
the testing equipment to simulated test conditions and
observingthe resuttingfluid-pressure responses. These
“compliance tests” provide data to understand and/or
compensate fluid-pressure changes resulting from
compliance during actual permeability testing.
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The multipacker test tool to be used for permeability
testing in any borehole undergoes compliance testing
in a compliance-test chamber (Section 3.6) before
being installed in the test borehole. Compliance test-
ing quantifies the response of the test tool to the types
and magnitudes of pressure changes anticipated dur-
ing permeability testing. After compliance testing is
completed, the test tool is installed inthe test borehole,
and a testing sequence consisting of a shut-in pres-
sure buildup followed by pressure-pulse tests is initi-
ated to evaluate the formation’s hydraulic properties.
Compliance- and pulse-testing procedures are dis-
cussed below.

4.1 Compliance Testing

Compliance tests are performed for each test tool
before the tool is installed in a test borehole. The
purposes of the compliance testing are to (1) establish
that the test tools have been properly assembled and
that all seals and fittings are performing as designed;
and (2) evaluate test-toolresponses to packer inflation
and applied pressure pulses inthe intervals isolated by
the inflated packers. During compliance tests, the test
tools with all monitoring instruments are installed in
steel or stainless-steel chambers sealed at one endin
the same manner employed when installing the test
tool in a borehole. The DAS is used to monitor and
record the results of the compliance testing.

The test tool's packers are then sequentially inflated,
starting with the test-zone packer. Both packers are
inflated to between 8 and 10 MPa, after which the
pressures are monitored for 24 to 48 hours for evi-
dence of leaks or improper performance. Packer
pressures usually decrease during this period due to

the elasticity of the packer-element material, possible



air entrapped during inflation going into solution, and
other compliance-related phenomena. After monitor-
ing this pressure decline for the initial 24- to 48-hour
period, packer-inflation pressures are usually increased
to 8to 10 MPa and monitored for an additional 24 to 48
hours.

After the leak-check/packer-pressure-adjustment pe-
riods, the test zone is subjected to a pressure-injection
pulse of at least 3.5 MPa. The fluid-pressure re-
sponses of both the test and guard zones are then
monitored for evidence of leaks, and the associated
paCker—pressure responses are also monitored. After
evaluation of test-zone integrity is completed, the
same procedure is followed to evaluate the integrity of
the guard zone.

In some instances, the test- and guard-zone pres-
sures are increased and/or decreased in a series of
step pressure-injection and/or -withdrawal pulses to
provide a range of test-zone and packer-pressure
responses to pressure changesin neighboring zones
and packers. During the withdrawals, the volume of
fluid released during each pressure drop is mea-
suredto provide data with whichto evaluate test-tool
or system compressibility.

Figures 4-1 to 4-5 display the results of a typical
compliance-test sequence. Figure 4-1 shows the fluid
pressures in the test and guard zones; Figure 4-2
shows the pressures in the test-zone and guard-zone
packers; Figure 4-3 shows the fluid temperatures in
the test and guard zones; Figure 4-4 shows the relative
movement of the radial LVDTs; and Figure 4-5 shows
the relative movement of the axial LVDT.

During the compliance test depicted on Figures 4-1 to
4-5, the pressure in the test zone was increased from
approximately 0 MPato 7 MPaon Day 223 by injecting

a small quantity of brine. The peak pressure quickly
dissipated to about 4 MPa and then slowly decreased
due to compliance effects such as packer readjust-
ment and/or axial test-tool movement. Figure 4-1 also
shows that the guard zone received a pulse injection
on Day 227 when the pressure was increased from
0 MPato 5 MPa. The guard-zone pressure displayed
similar behavior to that of the test zone. The pulse
injections into the test and guard zones caused pres-
sure changes throughout the system. As the pressure
in a zone is increased, the adjacent packer(s) is
compressed, causing its internal pressure to increase.
The packer(s) also deforms slightly away from the
zone being pressurized, which cancause the pressure
in the adjacent zone to rise slightly. This pressure
increase can in turn be transmitted to another packer.

Figure 4-3 shows the temperatures measured in the
test and guard zones during compliance testing. Tem-
peratures were stable throughout the testing period
except for short-lived increases in the guard-zone
temperature following the pulse injections.

Figures 4-4 and 4-5 show the LVDT responses during
compliancetests. The radial LVDTs (Figure 4-4) show
that the test chamber's diameter in the test zone
increased by about 0.04 mmduring the pulse injection.
This increase is consistent with the predicted diameter
increase calculated from the material properties of the
test chamber. Note that because of the LVDTs’
orientation (see Section 3.5), the actual increase in
diameter must be estimated by integrating the re-
sponses of all three radial LVDTs. Figure 4-5 shows
that the axial LVDT was compressed (shortened)
when the test-zone packer was inflated, but tended to
lengthen as the test-zone-packer pressure declined.
This response is probably due to some elastic re-
sponse of the packer element. During the pulse
injectioninthe testzone, the axialLVDT lengthened as

18



8 T T T T T T T
—O— Test Zone
T -0~ Guard Zone
Test-Zone

6} Pulse Injection n
©
o 4} q .
=3
g
3
% Guard-Zone
o 2f Pulse Injection 7
L
o

0 .

Packer Inflation
2 1 I 1 ! 1 1 1
222 223 224 225 226 227 228 229 230

Time (1989 Calendar Days)

TRI-6344-556-0

Figure 4-1. Zone Pressures for Compliance Test COMP 16, Multipacker Test Tool #5,

Borehole C2H03.
12 T T T T T T T
- Test-Zone
10 | Pulse Injection -
~=——— Guard-Zone
= 8 I Pulse Injection -
[+
I ]
g 6 F -
=
@ S .
4] <
T
o 4F .
X Packer ]
Inflation
2r .
—O— Test-Zone Packer
i —+ Guard-Zone Packer | 1
0 5! 1 1 { 1 1 L !
222 223 224 225 226 227 228 229 230

Time (1988 Calendar Days)

TRI-6344-557-0

Figure 4-2. Packer Pressures for Compliance Test COMP 16, Multipacker Test Tool #5,
Borehole C2HO03.

19



295 . T T T T T T

~O— Test Zone
-0~ Guard Zone

200 —a. Guard-Zone -
Pulse Injection

— Test-Zone
g') Pulse Injection
2
2
© 285 ~1
[
o
E
QO
-
280 -
275 1 1 1 ] 1 1 1
222 223 224 225 226 227 228 229 230

Time (1989 Calendar Days)

TRI-6344-558-0

Figure 4-3. Zone Temperatures for Compliance Test COMP 16, Multipacker Test Tool #5,

Borehole C2HO03.
g 0.050 ¢ T | ES S T T T v T LA | T T T
o i
= 0.025 - .5
Qo F ]
E o000 f 3
o E Test-Zone Guard-Zone 3
I 0025F Pulse Injection Pulse Injection 3
8 - E
0 0050  Packer 3
- E Inflation ]
o E :
> [ .
i - ]
—~ 5080 F 3
€ F Test-Zone Guard-Zone ]
S i Puise Injection Pulse Injection ]
7)) 5.075 | 3
e ; Packer -0- LVDTR-09 | 3
2 i Inflation & LVDTR-07 | 1
£ 507 F -0~ LVDT R-06 | J
s -0— Radius ]
5.065 N 1 L 1 N 1 " 1 s 1 " 1 PR L §
222 223 224 225 226 227 228 229 230
Time (1989 Calendar Days)
TRI6344-553-0

Figure 4-4. Radial-LVDT Data for Compliance Test COMP 16, Multipacker Test Tool #5,
Borehole C2H03.

20



0.08

T I 1 1 1 1 1
0.06 |- .
£
o - Test-Zone
e Pulse Injection
0] = -
g o004
(0]
Q
<
o .
= oo02f \ -
E Guard-Zone
S Paclfer Putse Injection
o’ ~ Inflation
0.00 | E -
-0.02 | L 1 | 1 I 1
222 223 224 225 226 227 228 229 230
Time (1989 Calendar Days)
TRI-6344-560-0
Figure 4-5. Axial-LVDT Data for Compliance Test COMP 16, Multipacker Test Tool #5,

Borehole C2HO03.

the increase in test-zone pressure forced the test tool
upwardinthe compliance-testing chamber. The guard-
zone pulse injectiondid not have the same effectonthe
axial LVDT response. Saulnier et al. (1991) present
complete plots and tabulated data for the compliance
tests performedbefore the permeability tests analyzed
in this report.

4.2 Pressure-Pulse Testing

A permeability-testing sequence begins with the drill-
ingof anominal 10.2-cm (4-inch) diameter borehole. A
multipacker test tool is installed in each test borehole
as soon after drilling as possible in an attempt to
minimize pretest borehole history under non-shut-in
conditions. The test boreholes are filled with brine
saturated with sodium chloride, simulating the forma-
tion fluid, either immediately after drilling, or by inject-
ing brine through the injection lines after the packers
are inflated. The fluid pressures and temperatures in

21

the isolated zones are monitored after test-tool instal-
lationuntil the readings stabilize. The packersarethen
sequentially inflated to approximately 11 MPa, starting
with the test-zone packer. The packers are inflated
with fresh water using a positive-displacement pres-
sure-intensifier pump. The packer-inflation pressures
are monitored closely for 24 to 48 hours after inflation.
if compliance-related reductions in the packer-inflation
pressures of greater than 3 MPa are observed, the
packer-inflation pressures are increased to 11 MPa
and observed for an additional 24 hours. After the
initial transient decreases in packer pressures occur
and the packer-inflation pressures approach relative
stability, valves on the test- and guard-zone vent lines
are closed to shut in the test and guard zones.

Once the test and guard zones are shut in, the fluid
pressuresinthe two zones increase as they equilibrate
with the formation pore pressure in the vicinity of the



borehole. Pressure-pulse testing ofthe type described
by Bredehoeft and Papadopulos (1980) is initiated
after the rate of pressure increase in the test zone
decreases and the pressure-recovery curve appears
to be on an asymptotic trend (Figure 4-6). Pulse-
withdrawal rather than pulse-injection tests were gen-
erally chosen for the Salado Formation permeability
testing because: they do not force fluids into the
formation that may not be in chemical equilibrium with
the rock; they do not overpressurize the formation, a
procedure which could potentially open existing frac-
tures or create new fractures by hydrofracture; and
they more closely represent the hydraulic conditions
expected shortly after closure of the WIPP under-
ground facility when brine may be flowing fromthe host
rock towards the relatively underpressurized rooms.

Pulse-withdrawal tests are initiated in a test or guard
zone by opening the zone's vent valve and allowing
fluid to flow from the zone until the desired fraction of

the shut-in pressure has dissipated. After the desired
pressure decrease has been achieved, the valve is
then closed to shut in the zone. The volume of fluid
released from the vent line during each pulse with-
drawal is measured and recorded. Following the pulse
withdrawal, the reequilibration of the zone’s fluid pres-
sure and the formation pore pressure is monitored with
the DAS. Afterthe zone’sfluid pressure has recovered
to approximately its pre-pulse value, the test is usually
repeated (Figure 4-6) to provide assurance that the
observed fluid-pressure responses are reproducible
and are representative of formation responses. After
testing in the test zone (and guard zone if desired), the
pressures in both the guard and test zones are vented
and the volumes of fluid produced during the
depressuring are measured before removing the test
toolfromthe borehole. Forthe latertests, the pressure
was decreased in steps, measuring the volume re-
leased during each step, to provide data with which to
estimate the post-testing test-zone compressibility.
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5. TEST LOCATIONS AND BOREHOLES

Figure 5-1 shows the locations of the boreholes drilled
for the underground permeability-testing program.
Boreholes were drilled in the experimental area, the
operations area, and the waste-storage area. Bore-
hole locations were chosen to provide access to differ-
ent Salado Formation lithologies (Figure 2-3), toinves-
tigate whether or not the ages of excavations affect
permeability in similar stratigraphic intervals, and to
provide a representative distribution of data from a
wide area of the underground facility. The testing
discussed in this report was performed in boreholes
C2H01, C2H02, C2H03, N4P50, L4P51, SOP01, and
S1P71.

Borehole locations in the underground experimental
area (C2HOx, N4P50, and L4P51) were chosen to
investigate three aspects of Salado Formation hydrol-
ogy. First, holes drilied from Room C2, which was
excavated stratigraphically above the waste-disposal
horizon, were used to test the waste-disposal horizon
in downward-oriented boreholes. Second, boreholes
drilled from the stratigraphically higher parts of the
experimental area (Room C2) were usedtotest Marker
Bed 139 under conditions where it lies about seven
meters below an excavation. (In contrast, Marker Bed
139 is encountered about two meters below the exca-
vations in the operations and waste-storage areas.)
Third, testing in the experimental area was conducted
inboreholes drilled from excavations botholder (Room
C2, North 1420 Drifty and younger (Room L4) than
those in the waste-storage area.

A borehole location in the operations area (SOP01)
was chosen to allow testing of the strata in immediate
proximity to the waste-disposal horizon from an exca-
vation (South 1300 Dirift) older than those available in
the waste-storage area, aswellasto increase the areal
distribution of Salado hydraulic data.
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A borehole location in the waste-storage area (S1P71
in Room 7 of Waste Panel 1) was chosen to provide
hydraulic information for those portions of the Salado
Formation directly affected by the excavations sched-
uled for waste storage (Figure 2-3). These areas
generally have been exposed to excavation effects for
less time than excavations in the experimental and
operations areas.

In some instances, test tools are repositioned after
the initial testing is completed to allow testing of
different segments of holes. In other instances,
holes are deepened and additional testing is per-
formed after testing of the initial borehole configura-
tion has been completed. In both cases, the first
testing sequence performed in a borehole is given
an“A”suffix, asin C2H01-A, and subsequent testing
sequences are given “B,” “C,” etc. suffixes, as in
C2HO01-B and C2H01-C. Note that only the “A”
testingforboreholes L4P51 and S1P71 isdiscussed
herein; later testing in these holes was not com-
pleted by the data-cutotff deadline for this report
(February 1990).

Permeability tests were not completed successfully in
all boreholes drilled for the testing program. The
extremely slow fluid-pressure response observed in
borehole C2H03 in Room C2 was considered unsuit-
able for the continuation of testing activities. Borehole
N4P50, in the North 1420 Drift, had to be abandoned
during the shut-in period that normally precedes test-
ing because of construction activities.

A compressed-air drilling apparatus was used to drill
the boreholes for the permeability-testing program in
the floors and ribs (walls) of the test rooms. All of the
boreholes were cored and/or drilled to a nominal
10.2-cm (4 inch) diameter. The boreholes were cored
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when possible to allow sample recovery. When visible
quantities of formation brine were encountered in
association with clay and/or anhydrite layers, brine
saturated with respect to sodium chloride was used as
the drilling fluid and conventional, non-coring drill bits
were used. Fortesting of C2H01-C, C2H02, C2H03,
andL4P51,12.7-cm(5inch) 1.D.,51-cm (20 inch) long,
steel borehole collars were grouted to the formation in
the tops of the holes. The multipacker test tools were
then bolted to the collars to help eliminate test-tool
movementinresponse to packer inflation and pressure
buildup in the guard and test zones. Borehole collars
were not used for earlier tests C2H01-A, C2H01-B,
N4P50, SOP01, or S1P71-A.

Core samples were recovered from 95 percent of the
drilled lengths of the test boreholes. The lithologies,
fracturing, penetration times, and occurrences of fluid
were recorded on the core sample logs (see
Appendix C, and Saulnieretal., 1991). The lithologies
are referenced to the standard WIPP map units listed
in Appendix B. Descriptions of the drilling locations
and individual boreholes are presented below.

5.1 Room C2

Room C2 was excavated in March and April 1984 to
nominal dimensions of 5.5 m wide, 5.5 m high, and
34.8 m long (Bechtel, 1986). Figure 5-2 shows cross-
section and plan sketches of the borehole array drilled
for permeability testingin Room C2. Boththe initial and
deepened configurations for borehole C2H01 are
shown. Borehole C2H01 was drilled vertically down-
ward to an initial depth of 5.58 m below the floor of
Room C2 on August 4, 1988 (Calendar Day 217). The
fioor of Room C2 lies within map unit 7 (Figure 2-2),
and the hole bottomed in map unit 0. Thus, the hole
penetrated all of the strata in which the waste-disposal
rooms are located (Figure 2-3). The hole was deep-
enedto8.97 mon February 13 and 15, 1983 (Calendar
Days 44 and 46) to allow testing of Marker Bed 139,

which was encountered from 6.80 to 7.76 m. A
description of the core samples recovered from bore-
hole C2H01 during both drilling periods is presentedin
Appendix C.

Borehole C2H02 was drilled to allow testing of Marker
Bed 139 beneath the rib (wall), rather than the floor, of
Room C2. Borehole C2H02 was drilled westward, at
adownward angle of 45’ from the horizontal, to a depth
of 10.86 mfromthe intersection of the west rib and floor

“of Room C2 (Figure 5-2). The drilled depth corre-
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sponds to a vertical depth of 7.68 m below the floor of
the room. Borehole C2H02 was cored on April 12, 13,
and 17, 1989 (Calendar Days 102, 103, and 107).
Marker Bed 139was encounteredfrom3.20t010.68 m
(Figure 5-2). The sectionofthe hole from 10.3 miothe
bottom-hole depth of 10.86 m was cored using so-
dium-chioride-saturated brine to remove drilling cut-
tings because formation brine was encountered when
drilling this interval. A description of the core samples
recovered from borehole C2H02 is presented in
Appendix C.

Borehole C2H03 was drilled to test a bed of relatively
pure halite between anhydrites “a”and “b” (Figure 5-2).
The hole was cored horizontally, 2.1 m above the floor,
into the west rib of Room C2 to a distance of 9.14 m.
The drilling was performed on August 22 and 23, 1989
(Calendar Days 234 and 235). A description of the
core samples recovered from borehole C2HQ3 is pre-
sented in Appendix C.

5.2 North 1420 Drift

The location of borehole N4P50 in the North 1420
Drift is shown in Figure 5-1. This portion of the North
1420 Drift was excavated in March 1983 to nominal
dimensions of 6.1 m wide and 3.7 m high (Bechtel,
1985). Borehole N4P50 was cored vertically down-
ward to adepth of 10.87 mbelow the floor of the drift
(Figure 5-3)on December 15 and 16, 1988 (Calendar
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Days 350 and 351). The borehole was drilled to
allow testing of anhydrite “c,” whichwas encountered
from 10.13 to 10.24 m deep. A description of the
core samples recovered from borehole N4P50 is
presented in Appendix C.

5.3 Room L4

Room L4 was excavated in February 1989
(Westinghouse, 1990} and provided an opportunity to
install and test a borehole shortly after a room had
been excavated. The room is nominally 10.1 m wide,
3.7 m high, and 59.7 m long. Borehole L4P51 was
drilled and cored vertically downward to a depth of
4.75 m below the floor of the room (Figure 5-4) from
October 18 to 19, 1989 (Calendar Days 290 and 291).
The borehole was drilled to investigate the propenrties
of Marker Bed 139 and the underlying halite, polyhalitic
halite, and clay D. Marker Bed 139 (including clay E)
was encountered from 1.50 to 2.36 m below the floor
of the room, and clay D was encountered from 4.55 to
4.57 m deep (Figure 5-4). A description of the core
samples recovered from borehole L4P51 is presented
in Appendix C.

5.4 South 1300 Drift

Figure 5-1 shows the location of borehole SOPG1 inthe
South 1300 Drift. This portion of the South 1300 Drrift
was excavated in June and July 1984 to nominal
dimensions of 6.1 m wide and 3.7 m high (Bechtel,

1985). Borehole SOP01 was drilled on January 11 and
12, 1989 (Calendar Days 11 and 12) fo investigate
Marker Bed 139 and the underlying halite, polyhalitic
halite, and clay D in alocation between the experimen-
tal area and the waste-storage area. The hole was
drilled vertically downward to a depth of 5.17 m below
the floor of the drift (Figure 5-5). The hole encountered
Marker Bed 139 from 1.80to 2.76 m below the floor of
the drift. Clay D was encountered at the bottom of the
borehole, from 5.155 to 5.170 m (Figure 5-5). A
description of the core samples recovered from bore-
hole SOPQ1 is presented in Appendix C.

5.5 Waste Panel 1, Room 7

Room 7 in Waste Panel 1 was excavated in March
1988 to nominal dimensions of 10.1 m wide, 4.1 m
high, and 91.4 m long (Westinghouse, 1989). Bore-
hole S1P71 was drilled vertically downward into the
floor of Room 7 (Figure 5-6) on November 10, 1988
(Calendar Day 315) to adepth of 4.56 m. The purpose
of the hole was to allow testing of Marker Bed 139 and
underlying halite, polyhalitic halite, and clay D in the
waste-storage area. Borehole S1P71 encountered
Marker Bed 139 and clay E from 1.40 to 2.25 m below
the floor of Room 7 (Figure 5-6). Clay D was encoun-
tered atthe bottomof the borehole. Adescriptionofthe
core samples recovered from borehole S1P71 during
drilling is presented in Appendix C.
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6. INTERPRETATION METHODOLOGY

Interpretation of the permeability tests in the WIPP
underground facility was performed with the well-test-
simulation model GTFM (Graph Theoretic Eield Model;
Pickens et al., 1987). GTFM was used to simulate the
fluid-pressure responses observed during permeabil-
ity testing of the Salado Formation. Differentcombina-
tions of the most uncertain formation parameters,
hydraulic conductivity and pore pressure, were used in
the simulations. Estimates of the actual values of
these parameters were determined by graphically
comparing the simulated and observed fluid-pressure
responses. The parameter combinations that yielded
the simulated responses that most closely matched
the observed fluid-pressure responses were consid-
ered to be representative estimates of the actual
formation parameters. The simulation modelwas also
usedto conduct sensitivity analyses of the mostimpor-
tant model and formation parameters to quantify the
uncertainties of the formation-parameter estimates.

The well-test-interpretation model is discussedin Sec-
tion 6.1. Section 6.2 summarizes some of the salient
assumptions underlying the test interpretations. Sec-
tion 6.3 discusses the values of the tested formations’
material properties that were used in the simulations
and how those values were selected.

The primary parameters used by the analysis model to
simulate the formation’s fluid-pressure responses
during pulse tests are the formation’s hydraulic
parameters, the test-zone volume, and the test-zone
compressibility. The test-zone volume and test-zone
compressibility are used to calculate the wellbore
boundary conditions for the pulse-test simulations.
Section 6.4 presents the initial test-zone volumes used
for each interpreted test and the procedure used to
compensate the simulations for variations intest-zone
volume during testing. Section 6.5 discusses the
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procedures and rationale used for determining test-
zone compressibility. Section 6.6 discusses
incorporation of the observed test- and guard-zone
temperature data in the simulations.

6.1 Well-Test-Simulation Model

GTFM is a numerical model that simulates the hydrau-
lic response of a single-phase, one-dimensional, ra-
dial-flow regime to boundary conditions applied at a
borehole located at the center of the modeled flow
system. The problemdomainis discretized by dividing
the radial-flow system into a series of concentric rings
centered on the borehole, with each ring represented
by a node. A constant multiplicative factor is used to
increase the spacing between nodes with increasing
distance from the origin (borehole). For the simula-
tions presented in this report, 250 radial nodes were
used. The model assumes that the formation has a
constant thickness with vertically homogeneous hy-
draulic properties. Formations may be single ordouble
porosity, and may include a single radially centered
heterogeneity to simulate the presence of a “skin” zone
adjacent to the borehole. The skin zone may have
properties different from those of the remainder of the
formation.

The GTFM model can be used with assigned conditions
of either fixed pressure or zero flow at the external
boundary of the model. Selection between the two
boundary conditions is made on a test-specific basis,
depending on whether or not the test data show
boundary effects. If no boundary effects are indicated
by the test data, a fixed-pressure boundary condition
is specified at a distance from the borehole such that
the type of boundary has no effect on the calculated
fluid-pressure responseinthe borehole. The adequacy
of the specified distance is verified by ensuring that the
pressure in the portion of the simulated formation



adjacent to the boundary does not change over the
duration of the test-interpretation simulation. Incases
where boundary effects are indicated, the type of, and
distanceto, the boundary are parameters selected and
fitted as part of the test interpretation.

The model has wellbore boundary conditions which
can be used to simulate pulse-injection/withdrawal
tests, specified borehole-pressure conditions, specified
formationflow rates, and slug-injection/withdrawaltests.
The effects of consecutive tests are incorporatedin the
simulations. The modelcan also incorporatetest-zone
pressure changes resuiting fromtemperature variations
in the test zone as well as test-equipment- and/or
formation-induced changes in the test-zone volume.
The model output consists of simulated fluid-pressure
responses in the borehole and at selected radial
distances from the borehole. The model can also
calculate formation flow-rate data and cumulative-
production data based on the formation’s estimated
hydraulic properties.

For the interpretations presented in this repon, the
individualtesting periods were subdivided into discrete
time intervals, called sequences. Sequences were
differentiated by the wellbore boundary conditions in
effect during these time periods. History sequences
were used to represent the test intervals’ pretest
borehole-pressure history during the open-borehole
period between drilling and initial shut-in of the test
zone, and aiso to represent time periods when non-
ideal behavior characterized the fluid-pressure re-
sponses. During history sequences, the pressure
conditions in the isolated test intervals were specified
directly using the fluid pressures recorded by the DAS.
Pulse sequences were used to simulate the fiuid-
pressure buildups observed after shutting in the test
zones and also the fluid-pressure-recovery responses
to individual pulse-injection and pulse-withdrawaltests.

A complete description of the methodology, appropri-
ate boundary conditions, and governing equations of
the modelcanbe foundin Pickens etal. (1987). GTFM
was verified by comparing its results to analytical
solutions for pulse tests, slug tests, constant-pressure
flow tests, and constant-flow-rate pumping tests
(Pickens et al., 1987). Application of GTFM to the
simulation of pressure-pulse testing in low-permeabil-
ity formations is described in Saulnier and Avis (1988).
Assumptions inherent in the formulation of GTFM and
application of the model to the Salado permeability-
testing program are described in Section 6.2 below.
6.2 Assumptions Used in Test
Analysis ,

The analysis of the Salado Formation permeability
tests assumed a one-dimensional radial-flow regime
on the scale of testing. For the majority of the tests
discussed in this report, the boreholes were vettical,
and therefore radial flow was the same as horizontal
flow. Radial flow was also assumed for the analysis of
the tests in the nonvertical holes C2H02 and C2H03.
The implications of this assumption for the nonvertical
holes are discussed with the relevant test interpreta-
tionsin Sections7.1.4.1 (C2H02) and 7.1.5.1 (C2HO03).

The assumption of one-dimensional radial flow re-
quires justification with respect to the flow dimension
included (horizontal, or parallel to bedding) and to the
flow dimension excluded (vertical, or pempendicular to
bedding). With respectto the horizontal dimension, an
assumption of radial flow implies that the formation is
homogeneous and isotropic in the horizontal plane
over the volume tested. Even though no medium is
ever truly homogeneous or isotropic on a microscopic
scale, this is nevertheless a standard assumption
underlying most analytical methods for single-well-test
analysis. The assumption of horizontal homogeneity
means thatthe permeability of the volume being tested
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will not change appreciably if the volume is increased
or decreased slightly. The assumption of horizontal
isotropy is acceptable in a horizontally anisotropic
mediumif the interpreted permeability is recognized as
being an effective permeability (i.e., the square root of
the product of the minimum and maximum permeabil-
ity [Hantush, 1966]).

With respect to a potential vertical flow direction, an
assumption of one-dimensional radial flow implies that
vertical flow is either nonexistent or is of such low
magnitude that it has no appreciable effect on the
radial flow field. For either of these conditions to exist,
the vertical permeabilities of the strata above and
below the test interval must be much less than the
horizontal permeability within the test interval, to pre-
vent (or minimize) vertical flow from above and below
into the test interval. Most of the tests discussed in this
report were performed over intervals with arbitrarily
defined tops and bottoms which did not coincide with
lithologic discontinuities but were instead defined by
the physical dimensions